The signal transducer and activator of transcription 3 (STAT3) protein is activated by phosphorylation of a specific tyrosine residue (Tyr705) in response to various extracellular signals. STAT3 activity was also found to be regulated by acetylation of Lys685. However, the molecular mechanism by which Lys685 acetylation affects the transcriptional activity of STAT3 remains elusive. By genetically encoding the co-translational incorporation of acetyl-lysine into position Lys685 and co-expression of STAT3 with the Elk receptor tyrosine kinase, we were able to characterize site-specifically acetylated, and simultaneously acetylated and phosphorylated STAT3. We measured the effect of acetylation on the crystal structure, and DNA binding affinity and specificity of Tyr705-phosphorylated and nonphosphorylated STAT3. In addition, we monitored the deacetylation of acetylated Lys685 by reconstituting the mammalian enzymatic deacetylation reaction in live bacteria. Surprisingly, we found that acetylation, per se, had no effect on the crystal structure, and DNA binding affinity or specificity of STAT3, implying that the previously observed acetylation-dependent transcriptional activity of STAT3 involves an additional cellular component. In addition, we discovered that Tyr705-phosphorylation protects Lys685 from deacetylation in bacteria, providing a new possible explanation for the observed correlation between STAT3 activity and Lys685 acetylation. (Eyal Arbely) sues, where it promotes tumor cell proliferation, invasion, and migration [12, 13] . As a transcription factor that mediates extracellular signaling and gene transcription, STAT3 is also involved in the communication between cancer cells and the microenvironment [14] . In addition, STAT3 plays metabolic, developmental and antiinflammatory roles [15]. These diverse activities of STAT3 are regulated by various mechanisms, including an array of post-translational modifications, such as phosphorylation (e.g., Tyr705), methylation and acetylation. Specifically, acetylation of Lys685 was suggested to be important for STAT3 dimerization and full transcriptional activity [16, 17]. Lys685 acetylation was also found to promote STAT3-DNA methyltransferase 1 interactions, and subsequent methylation of tumor-suppressor promoters [18]. However, the exact biochemical mechanism of Lys685 acetylation-dependent transactivation is not fully understood. According to crystal structures of STAT3, the relatively flexible side-chain of Lys685 is not directly involved in mediating dimerization [3, 5]. Therefore, it is not clear if and how the intra-dimer interface is affected by Lys685 acetylation. In addition, Stark and co-workers found that acetylation of Lys685 is important for the transcriptional activity of unphosphorylated, but not of phosphorylated, STAT3 [19]. Furthermore, acetylation of Lys685 was suggested to increase in response to cytokine-mediated stimula-
Introduction
Signal transducer and activator of transcription 3 (STAT3) is a member of the STAT protein family of latent transcription factors that are activated in response to the binding of cytokines, growth factors and hormones to extracellular receptors [1, 2] . Structurally, STAT3 comprises an N-terminal domain, followed by a coiledcoil domain, a DNA-binding domain, a Src homolodgy 2 (SH2) domain and a C-terminal transactivation domain [3] [4] [5] . According to the canonical Janus kinase (JAK)-STAT pathway, receptor tyrosine-phosphorylation, promoted by the binding of signaling molecules to cell surface receptors, is followed by SH2 domain-mediated binding of STAT3, which is then phosphorylated on Tyr705.
Tyrosine phosphorylation enables STAT3 dimerization by reciprocal binding between the SH2 domain of one STAT3 monomer and the phosphorylated Tyr705 (pY705) of the other STAT3 monomer. Dimeric STAT3 then accumulates at the nucleus, where it acts as a transcription factor by binding to specific DNA response elements [6] . That being said, it was found that nonphosphorylated STAT3 is transcriptionally active, and that STAT3 may serve non-canonical roles, such as, for example, in mitochondria [5, [7] [8] [9] [10] [11] .
STAT3 was found to be constitutively activated in various cancer cell lines and tumor tis-tion [17, 20] , although Chen and co-workers found that CD44 can mediate Lys685 acetylation in a cytokine-and growth factor-independent manner [21] .
Materials and Methods

General
General chemicals and DNA oligomers for molecular cloning were ordered from Sigma Aldrich (Darmstadt, Germany). DNA sequencing was performed by the sequencing facility at Ben-Gurion University. The STAT3 gene was amplified from pDONR221 plasmid carrying STAT3 cDNA (DNASU plasmid ID HsCD00295594).
pBK vector for expression of evolved acetyl-lysine synthetase was kindly provided by Dr. Jason W.
Chin (MRC-LMB, Cambridge, UK). [22] Enzymes for molecular cloning were purchased from NEB (Ipswich, MA) and used according to the manufacturer's instructions. DNA was purified using spin columns from Macherey Nagel (Düren, Germany). Acetyl lysine was purchased from Chem-Impex International Inc. (Wood Dale, IL) and used without further purification. DH10B E. coli strain (Life technologies, Carlsbad, CA) was used for molecular cloning and plasmid propagation. BL21(DE3) E. coli strain (NEB, Ipswich, MA) was used for protein expression. Bacteria were incubated in liquid LB media or on LB/agar plates supplemented with antibiotics (50 µg/mL kanamycin, spectinomycin, or chloramphenicol).
Primary antibodies: anti-6×His (#G020) was purchased from abm (Richmond, ON); anti Y705phosphorylated STAT3 (#ab76315) was purchased from Abcam (Cambridge, UK); anti K685acetylated STAT3 (#PA5-17429) was purchased from Thermo Fisher Scientific (Waltham, MA).
Secondary antibodies: anti-mouse IgG (#ab7068) and anti-rabbit IgG (#ab92080) were purchased from Abcam. 
Molecular cloning
Protein expression
For expression of Lys685-acetylated STAT3, E. coli BL21(DE3) cells were co-transformed with a pBK vector for constitutive expression of evolved acetyl-lysine synthetase and the appropriate pCDF vector for expression of either non-phosphorylated or phosphorylated STAT3.
Transformed cells were incubated overnight in 2×TY medium, supplemented with 50 µg/mL spectinomycin and 50 µg/mL kanamycin. The next day, overnight cultures were diluted to OD 600 =0.02 into 4 L of 2×TY medium supplemented with the same antibiotics. The cultures were incubated at 37 • C until OD 600 =0.3, when they were supplemented with 10 mM acetylated lysine and 20 mM nicotinamide. At OD 600 =0.6, protein expression was induced with 0.5 mM IPTG, and the incubation temperature was reduced to 18 • C. After 18 h, the cells were harvested by centrifugation, and the pellet was stored at -80 • C. Expression of non-acetylated STAT3 was performed in a similar manner, except that cells were only transformed with the pCDF vector for expression of STAT3 (or co-expression of STAT3 and Elk), and the bacteria were cultured in media supplemented with 50 µg/mL spectinomycin without nicotinamide or acetylated lysine.
Protein Purification
Frozen bacterial pellet (∼20 gr) was resus- 
where Y is the fluorescence polarization signal, X is the STAT3 concentration, a and b are the minimal and maximal fluorescence polarization signals, respectively, K D is the dissociation constant, and H is the Hill slope.
In vitro DNA binding specificity
In vitro DNA-binding specificities were measured using the standard PBM protocol [26] . All teins containing at least two peptides of high confidence (Xcore 2 or 2.5 or more for doubly or triply charged species, respectively) were chosen.
Results
Expression of AcK685 and AcK685+pY705 STAT3
A widely accepted experimental approach in functional studies of lysine acetylation involves the use of Lys-to-Arg or Lys-to-Gln mutants.
In way to represent protein-DNA binding specificity [39] , were then generated for the two STAT3 variants using the most enriched DNA sequences ( Figure 2 ). We found that both pY705 STAT3
and AcK685+pY705 STAT3 had the highest affinity to the same 9 nucleotide-long sequence (626-632, 658-665, 689-702; all numbers refer to monomer A). Nevertheless, the overall SH2 do-main backbone could be traced, and the relative orientation of the SH2 domains was highly similar to that found in the crystal structure of non-acetylated STAT3 ( Figure 3A) . Moreover, the overall crystal structure of AcK685+pY705 STAT3 in complex with DNA was essentially identical to the structure of pY705 STAT3 (PDB ID: 1BG1) [3] . Superposition of these two structures revealed a C α root mean square deviation (RMSD) value of 0.47Å, indicative of the high similarity between them, with only minor conformational changes ( Figure 3A ). In addition, according to the electron density map, the positions of AcK685 and pY705 backbone atoms were not affected by Lys685-acetylation ( Figure 3B and C) . As such, the mammalian enzymatic deacetylation reaction is reconstituted in bacteria that serve as a 'living test tube'. Deacetylase activity is then evaluated from Western blot analyses, by calculating the ratio between anti-acetyllysine immunoblot intensity (proportional to acetylation levels) and anti-6×His immunoblot intensities (proportional to total protein levels).
Using this methodology, we monitored the catalytic activity of SIRT1-7 and HDAC6 (residues 479-835, marked HDAC6*). We found that under these conditions, SIRT1-3 and HDAC6* were able to recognize AcK685 STAT3 and hydrolyze the acetyl group from position AcK685 ( . Acetylation levels were calculated from the ratio between anti-STAT3 AcK685 and anti-6×His immunoblot intensities and presented relative to the ratio calculated for the negative control (expression without KDAC). In this semi-quantitative assay, a given KDAC was considered active if the averaged ratio, calculated from at least three independent measurements, was less than 50% of the ratio calculated for the negative control. * HDAC6 was expressed as a truncated protein (residues 479-835), encompassing the second catalytic site.
lated by SIRT2 (Figure 4, bottom panel) . Hence, our data suggest that Tyr705 phosphorylation stabilizes the acetyl group on Lys685 by hindering the interactions with potential deacetylases.
Discussion
Previous in vivo studies demonstrated that ace- We found that Lys685 acetylation alone had no effect on the crystal structure of Tyr705- can also be found in cytoplasm [42] [43] [44] . HDAC6
shuttles between the nucleus and cytoplasm and was found to form a complex with the core domain of STAT3 [45] . SIRT3 is a major mitochondrial deacetylase, and STAT3 can translocate into mitochondria, where it regulates the mitochondrial respiratory chain via transcription-independent activity [9, 10, 46] . Interestingly, STAT3 residues Lys707 and Lys709 (but not Lys685) were found to be deacetylated by SIRT3 in mitochondria [11] . In addition, we found that deacetylation of AcK685 by SIRT1, SIRT3 and HDAC6* was dependent on the phosphorylation state of Tyr705.
Considering that Tyr705-phosphorylation promotes STAT3 dimerization and that Lys685 is po- 
Accession numbers
Coordinates and structure factors have been deposited in the Protein Data Bank with accession number 6QHD.
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